Abstract. Large areas of regular diffraction nanogratings were produced consisting of so-called laser-induced periodic surface structures (LIPSS) on thin molybdenum layers (<400 nm) deposited on a borosilicate glass substrate. The aim was to produce these structures without ablating nor cracking the molybdenum layer. Ultra short laser pulses were applied using a focused Gaussian beam profile. Processing parameters such as laser fluence, pulse overlap, number of overscans, repetition frequency, wavelength and polarization were varied to study the effect on periodicity, height, and especially regularity of the obtained LIPSS. It was found that a careful choice of the correct laser parameters is required to avoid detrimental mechanical stresses, cracking, and delamination during the laser processing of the layer in order to remain in its correct range of ductility as well as to ensure regular LIPSS. A possible photovoltaic application of these nanogratings could be found in texturing of thin film cells to enhance light trapping mechanisms.
Introduction
Laser-induced periodic surface structures (LIPSS), also referred to as ripples, are wavy structures observed on the surface of many materials after laser irradiation. Although LIPSS have been studied since 1965, 1 their exact origin is still debated. However, it is well-known that the regularity, shape and dimensions of LIPSS depend on the laser irradiation conditions as well as material properties. Periodicity, amplitude and orientation of LIPSS depend on the wavelength of the laser radiation, fluence, polarization, angle of incidence and the refractive index of the material. [2] [3] [4] Under most laser conditions, LIPSS show bifurcations and/or forking-i.e. when a single ripple splits into two ripples of half periodicity-and their length is limited to the diameter of the laser spot. Interestingly, by choosing proper laser parameters, the length of LIPSS can be extended without bifurcations or forking to areas larger than the spot size, as has been shown on bulk materials. 5 A practical application of LIPSS can be found in diffraction nanogratings. 6 In the present work, we investigated the feasibility of nanogratings consisting of LIPSS on thin molybdenum (Mo) layers of a thickness ≤400 nm. The challenge, while texturing a thin molybdenum film, is to find the proper scanning conditions for obtaining a uniform area of LIPSS-which occur only in a limited range of total deposited fluence on a given material (see Ref. 7 )-and for avoiding thermo-mechanical damage during the laser treatment. The latter includes cracking, delamination, and excessive ablation of the thin layer.
To avoid thermo-mechanical damage on a thin molybdenum film, the so-called brittle to ductile transition (BDT) plays a primary role and a careful choice of the correct single pulse fluence is required well below the total-or accumulated-fluence range needed for creating LIPSS, as will be shown in Fig. 1 . The particular behavior of the BDT on thin metallic layers during laser irradiation was first discussed for laser removal of thin chromium films by Lee et al. and Siegel et al. using an excimer laser. 8, 9 When compared to other metals, in body centered cubic (bcc) lattice metals such as molybdenum, chromium and tungsten, the ductile range is reached abruptly above a certain temperature. 9-,11 In such materials, because of the BDT, excessive thermal stresses can be avoided during the cooling down phase only when high temperature gradients lay in the ductile region above the BDT. For this reason, the thin molybdenum layer only can withstand thermal stresses during the laser treatment without cracking in the case where the absorbed fluence level is above a certain threshold. Khantha et al. 11 discussed, theoretically, the connection between the high generation of laser induced defects below the melting temperature and the BDT threshold temperature. However, if the absorbed fluence is too high, excessive ablation or chipping/delamination occurs. Therefore, damage-free surface texturing is possible only within a certain absorbed fluence range.
Moreover, when applying high spatial pulse-to-pulse overlap, the absorptivity of the material to laser energy varies as a function of the number of pulses and the laser fluence. After the first shots, incubation effects, due to laser-induced surface defects and increased roughness, 12 lead to a lower surface reflectivity. The latter leads to an increased absorption of laser radiation and to subsequent thermal damage [as will be shown in Sec. 3.1.1, Fig. 2 
where F 0 (J∕cm 2 ) is the incident laser fluence and AðF 0 ; NÞ is the changing absorptivity as function of the number of applied laser pulses N and the impinging averaged laser fluence F 0 .
Experimental Setup

Laser Setup
Two different laser sources were employed to study the effect of fluence, pulse duration and wavelength on LIPSS formation in the molybdenum layer: maximum repetition frequency 200 kHz, 10 W maximum average output power (in IR) at 200 kHz and a beam quality of M 2 < 1.2.
• the TruMicro 5050 from Trumpf GmbH, which is a Yb:YAG laser source, central wavelength of 1030 nm (IR), with fixed pulse duration of 6.7 ps, maximum repetition frequency of 400 kHz, 50 W maximum average output power (in IR) at 400 kHz and M 2 < 1.3.
Both laser sources showed a Gaussian power density distribution and were equipped with a pulse-picker, allowing the adaptation of the repetition frequency without affecting the energy per pulse. To study the effect of the wavelength, a second harmonic generation or a third harmonic generation unit was employed to convert the central wavelength to 515 nm (green) or to 343 nm ultraviolet (UV).
In both systems, galvano-scanners (IntelliScan14 of Scanlab GbmH) were used to manipulate the focal spot over the surface of the sample. The scanners were equipped with telecentric F-theta lenses (Ronar of Linos GmbH) to focus the laser beam on the samples. In the case of the TruMicro laser source, the focal length of theta lenses used for IR, green, and UV were, respectively 80, 100, and 100 mm, while in the case of the Pharos source, only the IR wavelength was exploited and at a focal length of the lens of 100 mm. All experiments were carried out at normal incidence of the laser beam on the surface and at environmental conditions. The optical 1∕e 2 diameter DðmÞ of the focused laser beam on the surface was determined using the "D 2 method" for each wavelength used. 4 This diameter was found to range from 12 to 30 μm, depending on the wavelength and setup used. Given the spot diameter D, the average laser fluence F 0 -here defined as: F 0 ¼ E 0 ∕ðπD 2 Þ, where E 0 is the pulse energy-was then calculated for single pulses. The effect of spatial pulse-to-pulse laser spot overlap (OL) on LIPSS formation was also studied. We define the term OL as the physical displacement distance of the laser spot between successive pulses:
where v (m∕s) denotes the velocity of the laser spot relative to the substrate, and f p (Hz) the repetition frequency of the laser source. Note that, for increasing velocity, OL goes to zero, or even will becomes negative, indicating no spatial overlap between subsequent laser pulses on the surface.
Analysis Equipment
Morphological inspection of the laser-treated areas was performed by optical microscopy, scanning electron microscopy (SEM, JCM-5000 NeoScope), atomic force microscopy (AFM, Nanosurf Easyscan 2) and confocal laser scanning microscopy (CLSM, Keyence VK-9700). A spectrophotometer (PerkinElmer Lambda 950 with ARTA accessory) was used to analyze the angular intensity distribution (AID) of the refracted light at different angles and wavelengths of the obtained nanogratings. shots. This sequence shows that the fluence range to process the layer free of any damage, is changed due to the enhanced absorption, as described by Eq. (1). The latter is the result of increased roughness and subsurface defects induced by subsequent laser shots. The evidence of this statement is given by the different color of the laser-treated surface, due to different material properties and is well explained by Jee et al.
Samples
Molybdenum layers of different thickness were deposited on glass substrates. For initial tests, samples of 150 nm thickness deposited by physical vapor deposition (PVD) on borosilicate glass were used. For structuring larger areas with LIPSS, molybdenum layers deposited by sputtering on soda lime glass by a third party were used. The latter combination of thin film molybdenum on soda lime glass is meant for the production of CuðIn; GaÞSe 2 solar cells. The molybdenum for this application has, in general, a high porosity, 15 while molybdenum for other applications might require more dense layers and will react differently during laser texturing. The latter is not addressed in this work.
Experimental Results and Discussion
Experimental Procedure
The experimental procedure to determine the processing window for damage-free LIPSS on the thin molybdenum layers can be divided into three steps:
1. First, determining processing conditions for single laser pulses (Sec. 3.1.1). This section will show the importance of reaching the BDT transition for each individual pulse, while texturing thin molybdenum layers as a function of the laser fluence. 2. Next, determining processing conditions for (partly) spatial overlapping pulses (Sec. 3.1.2) resulting in lines, or tracks with LIPSS. This section will show the effect of processing parameters-fluence, pulse overlap, pulse frequency, pulse duration, number of overscans and wavelength-on the characteristics of LIPSS. As well as the importance of ensuring that the total (accumulated) fluence is in the right range for creating LIPSS. 3. Finally, determining the optimal pitch between laser tracks, and polarization direction required to generate uniform areas of bifurcation-free and forking-free LIPSS. Figure 3 shows the surface morphology of a 150 nm-thick molybdenum layer on glass after laser processing, as function of laser fluence ranging from 0.05 to 0.09 J∕cm 2 . If the applied laser fluence is too low, the layer is not able to withstand thermally induced stresses and will crack, as seen in Fig. 3(a) . That is, for a fixed molybdenum film thickness, 8 below a certain fluence threshold the material will not reach the BDT, and the layer will crack. Above this threshold the BDT is reached and the ductility of the layer allows it to cope with thermal stresses, as seen in Fig. 3(b) . If the laser fluence is too high, the layer will be chipped off, as in Fig. 3(c) . It should be noted that the fluence range for damage-free processing is small. These results are comparable to those shown by Lee et al. 8 and Siegel et al. 9 on thin chromium layers. Figure 2 shows the surface morphology after irradiation of multiple pulses on the same location at F 0 ¼ 0.07 J∕cm 2 . This fluence level was chosen as it allowed damage-free processing of the layer when applying single pulses. The time separation between subsequent pulses was on the order of tens of milliseconds or more. This allows the material to cool down before the next shot is applied avoiding inter-pulse heat accumulation. As can be observed from Fig. 2 , the molybdenum layer starts to crack when the number of overscans is five. This can be attributed to an increase in absorptivity after the first few pulses, which leads to a high absorbed laser fluence, as described by Eq. (1) . Similarly to the single-shot case, if the total absorbed fluence is too high, the layer will be damaged. To account for this effect, the fluence of the individual pulses of a pulse train shall be lower than the single pulse fluence, in order to reach the BDT.
Single laser shots
Single laser tracks
Based on the results of single and multiple pulses on the same location, lines (i.e. tracks) were produced by applying multiple partly overlapping laser pulses. The effect of spatial pulse-topulse overlap, number of overscans, and laser fluence on the surface morphology of the lines was studied. During these experiments the repetition frequency f p was fixed at either 100 or 200 kHz. Figure 4 provides an overview of the experiment matrix. The overlap was calculated for different wavelengths using Eq. (2), where the beam diameter D was used as an input. After initial SEM analysis to identify the conditions which produce LIPSS on damage-free layers, this step was iterated by finer variations of the parameters.
Again, the main goal of this set of experiments was to find conditions which induce the BDT in the layer, as this will result in damage-free textured lines. Whether the BDT was reached was found to mainly depend on the pulse overlap and single pulse fluence as is illustrated in Fig. 5 . This figure shows the surface morphologies at constant laser fluence of 0.05 J∕cm 2 and as a function of increasing overlap and overscans. The overlap was increased from none (i.e., separate, nonoverlapping pulses) in Fig. 5(a) to a pulse overlap of 97.9% in Fig. 5(d) . As can be observed, the increase of overlap significantly reduces the formation of cracks, delamination and chipping. It was found that only for overlap values over 95% was the absorbed single pulse fluence F abs , see Eq. (1), in the right range for damage free laser tracks, see Fig. 5 (c) and 5(d). This can be explained by the increase in absorption to a steady condition after the first pulses, which shifts condition of Fig. 5(a) to the BDT range shown in Fig. 1 . Fig. 4 Experiment matrix used to scan lines with different combinations of irradiation conditions. Repetition frequency was constant, while average laser power/fluence, speed (and by that overlap), and number of overscans (OS) were varied. To check the reproducibility of the results, several identical lines were processed using identical conditions. When analyzing these results, both the overlap and the overscans (OS) should be accounted for the LIPSS formation, since they only appear in a certain total accumulated fluence domain. 7 To that end, another quantity is here defined, which is the total optical accumulated laser fluence F tot 0 ðJ∕cm 2 Þ impinging on the surface of the sample:
which is an approximation valid for D ≫ v∕f p and OL > 60% In Eq. (3), F 0 was used instead of F abs ðF 0 ; NÞ, which includes the material response to the laser material in the multi-pulse regime; in this sense we are only expressing here the incident fluence on the top surface of the layer. Figure 6 shows the total fluence F tot 0 absorbed at the surface as a function of overlap and overscans, where circles correspond to the processing conditions shown in Fig. 5 . Conditions d and e in Fig. 6 produce damage-free textured tracks on the layer, while conditions indicated by a, b, and c were found to damage the molybdenum layer.
Similar to what was concluded in Sec. 3.1.1 for single shots, damage-free lines can be attributed to reaching the BDT at each single laser pulse as a result of a reduced surface reflectivity at high overlap. The latter statement is consistent with the observed experimental results shown in Fig. 5(a) and 5(d) . Figure 5 (a) shows a surface which is damaged by a single laser shot on the untextured surface, but it is not damaged when the overlap is increased in Fig. 5(d) . In Fig 5(a) the absorbed fluence F abs is too low to reach the BDT; however, when the overlap is sufficiently high, the BDT can be reached due to increased absorption at steady processing regime after the first shots of the line. Moreover, the increase of OL also leads to an increase of F tot 0 and entry into the correct range to obtain LIPSS. 7 In conclusion, the effect of a correct choice of OL, F 0 , and overscans is to keep F abs ðF 0 ; NÞ in the correct BDT range for each subsequent shot, while increasing the total deposited fluence F tot 0 until the fluence range to obtain LIPSS is reached. This is illustrated in Fig. 1 .
To study the effect of pulse duration on the formation of LIPSS, four different pulse durations were applied: 230, 1, 6.7, and 10 ps. For pulse durations of 230 and 1 ps, processing conditions were found which resulted in LIPSS, but the peak-to-valley amplitude of those LIPPS were larger than the thickness of the molybdenum layer. Hence, the glass substrate was exposed in the valleys between peaks in these cases, as seen in Fig. 7 . At pulse durations of 6.7 and 10 ps, the shape of the LIPPS were smoother and more superficial. That is, the valleys were less deep and did not expose the glass carrier. Therefore, to create large areas of LIPSS, the pulse duration in subsequent experiments was fixed to 6.7 ps. The fact that these LIPSS were smoother and more superficial can probably be attributed to the relatively short electron-phonon coupling time τ ep of molybdenum, when compared to the pulse duration. 6, 16, 17 Further study would be required to confirm this.
Processing areas
The final step of the experimental procedure consisted of choosing a few sets of processing parameters from the previous step (Sec. 3.1.2), and creating areas of LIPSS by varying the pitch (distance) between parallel lines, which were scanned in the same direction. This pitch is an additional parameter to be considered for texturing areas with LIPSS.
Polarization is an essential factor for determining the direction of regular LIPSS. Depending on the material and machining conditions, this direction can be either parallel or perpendicular to an applied linear polarization. 18, 19 The observed LIPSS on molybdenum thin layers were found to grow perpendicular to the linear polarization of the laser radiation. Long LIPSS, without bifurcations and interruptions, can be obtained if the linear polarization is perpendicular to the scanning direction. 20 In this way, LIPSS growth is not constrained by the width of the single laser line and regular nanogratings can be obtained over large areas.
Conditions were found at which the surface was covered with long LIPSS without bifurcations, as shown in Fig. 8(a) . It was determined by CLSM that the material removed by ablation on this sample was below 150 nm in thickness. When required, the thinning of the processed layer could be compensated for by using a thicker layer.
The obtained nanogratings were inspected by SEM and AFM to determine the periodicity and amplitude of the LIPSS obtained with UV, green, and IR laser light (Table 1) . It is known from literature that the periodicity of the LIPSS is correlated to the wavelength of the laser. 20 The results in Table 1 confirm this. It is also known that the amplitude of LIPSS depends on the parameters applied. 18, 19 However, the process window leading to LIPSS on a damage-free thin molybdenum layer is so small that large areas were machined here with just one set of conditions, with respect to each wavelength. For each set of conditions this leads to a single amplitude of the LIPSS, as seen in Table 1 . Their 3-D morphology is shown in Fig. 8(b) . In addition, Fig. 8(c) shows the smooth sinusoidal shape of its cross-section. Figure 9 (a) and 9(b), demonstrates the uniformity of large areas with LIPSS as a uniform color at fixed visual angle due to diffracted light. To confirm the uniformity, Fig. 9(c) shows the AID of the gratings of Fig. 9(a) and 9(b) . In Fig. 9(c) , two different lobes are visible, one representing the zeroth order and the other representing the first order of diffraction. The first order of diffraction subtracts part of the intensity from the zeroth order as shown in Fig. 9(c) . The measured data from Fig. 9 (c) matches with a nanograting of 390 nm periodicity, which is the same value observed with SEM and AFM inspection. As expected for a nanograting of such periodicity, the first order of diffraction disappears at wavelengths longer than the periodicity of the grating. Hence, this confirms that the optical diffraction shown in Fig. 9 (a) and 9(b) originates from the LIPSS and not from geometrical features, such as grooves formed by ablation during laser processing. The latter would show a larger periodicity.
Since theoretical and numerical models of LIPSS-or more specifically, models predicting periodicity of LIPSS describing the absorbed laser energy below the rough surface of the material-are known only for bulk material, we compared the periodicity predicted by one of those Fig. 8(b) . Averaged amplitude (nm) 29 21 13 "bulk" models, known as the efficacy factor theory, 21, 22 to the experimentally obtained periodicity in the thin molybdenum layers. 23 We found that the periodicity of LIPSS produced on thin films was in good agreement with the theoretical expectations for LIPSS on bulk material.
Conclusions
By applying ultra-short laser pulses, very regular and damage-free nanogratings consisting of laser-induced periodic surface structures (LIPSS) of various periodicities (890 and 390 nm) were fabricated over areas as large as 6 × 6 mm 2 on 400 nm thin molybdenum films deposited on borosilicate glass. It was found that the optical diffraction effect of the nanograting was indeed produced due to the LIPSS and not by laser ablated grooves of larger periodicity. Furthermore, it was shown that there is no fundamental limitation in the size of the processable area, where the only constraint is given by the beam manipulation system and the size of the sample.
Focusing on the technical side of laser nanofabrication of long regular LIPSS on thin molybdenum layers, the aim of this work was also to give an understanding of the correct laser parameters to apply during laser texturing of the thin layers. It was discussed in detail and demonstrated experimentally that the primary role played by laser parameters, such as fluence and spatial pulse overlap, is to reach the ductile range of molybdenum. Only then thermal damage of the thin layer can be avoided. On the other hand, the laser parameters should be chosen such as to reach the right range of accumulated fluence to initiate LIPSS. It is expected that an analogous approach could be taken to texture thin layers of materials similar to molybdenum, such as chromium and tungsten. Fig. 9 (a) and (b) Photographs of the same laser textured sample at different angles showing the feasibility of large area nanogratings (LIPSS) on 400 nm molybdenum layer. (c) AID obtained by spectrophotometry: the intensity I is plotted as function of the scattering angle θ and the incident light's wavelength λ. The measurement was taken over an area of 6 × 6 mm 2 . Notice that the first order of diffraction subtracts part of the intensity from the zeroth order. Measured data match with a grating of 390 nm periodicity, confirming that the optical diffracting effect was produced by the LIPSS and not by other geometrical features of larger periodicity.
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